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Received September 7, 2011; accepted May 7, 2012AbstractBackground: Ability to drive was an important factor of quality of life for subjects with spinal cord injuries (SCI). However, the effect of virtual
reality (VR) environment on driving ability and simulation-based driving training of people with SCI has not yet been investigated in any
systematic, objective study. The purpose of this study was to examine the effect of the virtual reality created by a driving simulator, and
determine the number of simulator sessions necessary for patients with spinal cord injuries to reach maximum driving competence.
Methods: This was a longitudinal, prospective beforeeafter trial. It was comprised of 12 spinal cord injury patients who attended driving
rehabilitation between July and December 2005. At their initial and subsequent evaluations, the participants’ driving skills were measured as
they drove along a simulated 6 km two- and three-lane urban road with traffic signals, overpass, underpass, obstacles, and a number of straight
and curved stretches of road. The primary outcome measures consisted of total driving time, average speed, center-line violation, stop-line
violation, collisions, and steering/braking stability, with a sampling rate of 16 Hz. Each training session lasted for 30 minutes and was
carried out twice a week for about 1.5 months.
Results: After 5 sessions of simulator driving training, there was a significant increase in the average speed and/or total driving time. The
participants could stop their cars more precisely at the stop-line in traffic signal testing, and there was significantly less speed variation and
center line violation in overpass testing.
Conclusion: This study shows the significant effect of a virtual environment on the progress of driving rehabilitation, and suggests that
incorporating virtual reality into rehabilitation programs will accelerate the maximal recovery of the patient’s driving competence.
Copyright  2012 Elsevier Taiwan LLC and the Chinese Medical Association. All rights reserved.
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The ability to drive was noted as an important factor of
quality of life for patients with spinal cord injuries (SCIs).
Approximately 57.2% of SCI patients have registered modi-
fied vehicles in Taiwan.1 Driving with modified vehicles not
only affects the patients’ sense of freedom and independence,* Corresponding author. Dr. Jin-Jong Chen, Department of Physical Therapy
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http://dx.doi.org/10.1016/j.jcma.2012.08.004but also impacts their capacity to utilize medical services and
obtain gainful employment.2e4
Driving challenges the seated posture of SCI patients
because of vibration, translation and rotation.5 Driving
control by SCI patients is maintained through the integration
of adjusting an appropriate balance and posture, and
mastering the assistive devices with full attention. Since
conventional on-road training and tests are too dangerous for
the disabled who do not have sufficient driving skills, the
safer virtual reality driving simulator (VRDS) was developed,
which provides a scenario reflecting a real world environment
through computers and various viewing devices. Lew et alhinese Medical Association. All rights reserved.
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with brain injuries can provide ecologically valid measures
that, in some cases, may be more sensitive than the traditional
road test, and serve as predictors of long-term driving
performance in the community.6 This procedure allows for
practice with any vehicle adaptations before an on-road
evaluation takes place, and for the assessment, with safety
and repeatability, of operational skills in readiness for in-
traffic evaluation.7
Research over the past decade has also shown that VR-
delivered simulation driving programs can be effective in the
treatment of patients recovering from brain injuries or with
neurological disorders.6e9 However, the effect of VR envi-
ronment on driving ability and on the long-term, simulation-
based driving training of people with SCI has not yet been
investigated in any systematic, objective study. Based on these
observations, our interest became focused on the question of
whether or not the desired long-term driving performance
could be achieved after a number of simulated driving training
sessions with SCI patients.
2. Methods2.1. ParticipantsPatients were prospectively recruited from the Neurosur-
gical Department at the Veterans Affairs Medical Center, Taipei
between July and December in 2005, and were included if they
were: (1) SCI level below C6 and were patients who could not
use their legs to manipulate the gas pedal; (2) without any
cognitive and visual impairment that might impede their
driving capability; and (3) previously licensed for driving
before injury. Patients were excluded if they: (1) were unable to
maintain a sitting posture with or without support for more than
30 minutes; and (2) could not manipulate hand control driving
devices. Twelve patients met our inclusion criteria during the
experimental period (Table 1). Informed consent was obtained
after the nature of the study’s procedures had been fully
explained and understood. The study was approved by the
Ethics Committee for Medical Research at this institution.Table 1
Characteristics of the spinal cord injured patients (n ¼ 12).
Patient Gender Age (y) Body
height (cm)
Body
weight (kg)
1 Female 21 158 52
2 Female 34 167 55
3 Male 25 171 63
4 Male 18 172 66
5 Male 22 170 58
6 Male 26 192 73
7 Male 30 183 90
8 Male 54 168 72
9 Male 27 173 68
10 Male 31 170 59
11 Male 31 174 57
12 Male 23 178 852.2. InstrumentationFor the interface of our driving simulator, an actual car
was adapted, with a hand control device for accelerator and
brake, which was then connected to a computer. The system
was mounted on a single-axis tilting platform that provided
upward and downward tilting according to the scenario. The
maximum movement of the tilting platform was 15 in both
forward and backward positions with a precision of 0.2.
The reaction time of the platform was 0.1 to 0.5 seconds.
The images were projected from behind the user through 3
projectors connected to computers. Three computers
communicated with each other via TCP (transmission
control protocol) or IP (internet protocol) Internet transfer
protocols, which were provided by a local area network. A
virtual environment was displayed on three 239-cm wide
connected screens and fixed in place in front of the viewer.
The total viewing range of a person is called the “field of
view”, and extends about 154 horizontally, and about 37
vertically. Eyes can register objects within this field of view
(Fig. 1).2.3. Designation of driving scenarioThe designation of the roads used in the VR simulation was
based on the standards and regulations set out by the
construction and planning agency of the Ministry of the
Interior. All scenarios were designed as urban roads with
maximal speed limit set at 50 km/h. The maximal inclinations
for the underpass and overpass were e5.1 and þ2.3,
respectively.
The virtual environment consisted of five different
routes, which included a traffic light, overpass, obstacles,
and underpass, and a 6 km route, which included straight
and curved sections (Table 2). For evaluation, six driving
factors were measured, including total driving time, average
speed, center line violation, stop line violation, collisions
and steering/braking stability, with a sampling rate of
16 Hz.Neurological
level
Complete/
incomplete
Time since
injury (y)
Cause of injury
T12 Complete 5.1 MBA
T11 Complete 3.3 MBA
L2 Incomplete 0.6 Sports injury
C6 Incomplete 0.8 MBA
T4 Complete 0.9 MBA
T10 Complete 0.3 Iatrogenic
C6 Incomplete 6.2 MBA
C6 Incomplete 2.5 MBA
T8 Complete 0.5 MBA
T3 Complete 0.9 MBA
L2 Complete 1.9 Fall
T6 Complete 0.2 MBA
Fig. 1. The experimental setup for the wrap around model of simulator driving.
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A straight, two-lane urban road was designed with a traffic
light located 300 m along. Subjects were instructed to main-
tain their cars in the outer lane with a speed of 50 km/h, and to
stop the car before the traffic signal.
(2) Obstacles
There were several traffic obstacles to negotiate (little
bumps, animals, motorcycles, etc); however, the subjects were
asked to maintain a speed of 50 km/h.
(3) Overpass
A 50 m straight lane was set at the beginning, which
allowed the car to be accelerated to 50 km/h and maintain
speed. Then, a 300 m overpass with 2.3 inclination was
connected to the straight lane.
(4) Underpass
A 50 m straight lane was set at the beginning, which
allowed the car to be accelerated to 50 km/h and maintainTable 2
Description of the 6-km mixed route.
Section Road type
1. Straight, two-lane
2. Curve, two-lane, overpass
3. Straight, three-lane
4. Straight, two-lane, underpass
5. Straight, three-lane
6. Curve, three-lane
7. Curve, three-lane, tunnel
8. Curve, two-lane, overpass
9. Straight, two-lane, underpass
10. Straight, two-lane, overpass
11. Straight, two-lane, underpass
Totalspeed. Then, a 300 m overpass with e5.1 inclination was
connected to the straight lane.
(5) Six-km mixed route
The 6-km route contained 11 various road challenges, such
as traffic signals, overpass, underpass, and obstacles that were
to be encountered while driving along 2 or 3 lane straight and
curved stretches.2.4. Pre- and postintervention driving-simulator testingAfter reviewing the patients’ medical records and receiving
their physicians’ consent, a physical therapist supervised
a driving-simulator protocol. All participants were asked to
perform driving-simulator exercises twice a week for
approximately 6 weeks in the hospital. Depending on the
patient’s condition, the training was to be stopped before 30
minutes or kept going for a little longer. The driving simulator
evaluation (6 km mixed route) was carried out initially 1 week
before entering into the protocol, to find each patient’s
maximum driving skills. The data were then used as a baseline
capability to determine the training levels for the patient to
reach after the subsequent fifth and tenth training sessions.2.5. Statistical analysisThe variables between pre- and postintervention were
analyzed by the Friedman two-way analysis of variances by
ranks, and the Wilcoxon signed-ranks test was used for
comparisons of different sessions of training. The a level of
0.05 was set for the statistical significance. All of the statistical
analyses were performed based on the statistical package for
social sciences, version SPSS 11.0 (SPSS Inc., Chicago, IL,
USA).
3. Results
Table 3 Table 4 Table 5 show the driving performance of
SCI patients during consecutive rehabilitation sessions, based
on the driving-simulator protocol. Regarding traffic signal
and obstacle testing, the analyses revealed significantlyLength (m) Event
1400 Obstacles and traffic lights
300 Up- and down-hill (2.3)
1200 Obstacles and traffic lights
300 Obstacles, down- and up-hill (5.1)
400 Obstacles and traffic lights
500 Obstacles
600 Obstacles
300 Obstacles, up- and down-hill (2.3)
300 Obstacles, down- and up-hill (5.1)
300 Up- and down-hill (2.3)
300 Down- and up-hill (5.1)
6000 6-km mixed route
Table 3
Driving performance in “Traffic signal test” after 10 training sessions.
Variable Pre-training Post-training (5 sessions) Post-training (10 sessions) p
Total driving time, s (mean  SD) 40.66  7.20 29.93  3.81b 32.95  3.73c 0.042a
Average speed, km/h (mean  SD) 27.80  4.92 35.97  3.38b 35.89  3.63c 0.011a
Speed variation, km/h (mean  SD) 14.95  1.93 13.95  1.78 14.53  1.47 0.311
Approaching speed, km/h (mean  SD) 8.30  4.47 14.71  3.14 13.89  3.85 0.115
Center line variation, m (mean  SD) 0.66  0.86 0.36  0.18 0.27  0.14 0.607
Distance to stop-line, m (mean  SD) 9.45  0.92 6.00  2.28b 4.20  3.66c 0.006a
Stop-line violation, median (range) 0.00 (0e0) 0.00 (0e1) 0.00 (0e0) 0.368
a Significant difference between pre- and post-training, p < 0.05.
b Significant difference between pre-training and post-training (5 sessions), p < 0.05.
c Significant difference between pre-training and post-training (10 sessions), p < 0.05.
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average speed and decrease in the distance to the stop line.
With respect to overpass testing, there was a significant
increase in average speed, with less speed variation and fewer
center line violation after training. Moreover, a significant
increase in average speed was also noted in underpass
testing.Table 4
Driving performance in “Overpass test” and “Underpass test” after 10 training ses
Variable Pre-training
Total driving time, s Overpass 64.34  3.46
Underpass 53.15  8.95
Average speed, km/h Overpass 36.10  1.57
Underpass 33.91  4.58
Level ground
Average speed, km/h Overpass 29.38  3.83
Underpass 40.95  5.96
Speed variation, km/h Overpass 15.41  2.59
Underpass 4.71  1.75
Center line variation, m Overpass 0.45  0.15
Underpass 0.19  0.11
Uphill
Average speed, km/h Overpass 39.86  4.71
Underpass 35.05  6.17
Speed variation, km/h Overpass 3.24  2.24
Underpass 5.79  3.70
Center line variation, m Overpass 0.32  0.13
Underpass 0.27  0.08
Downhill
Average speed, km/h Overpass 40.23  7.23
Underpass 43.86  7.39
Speed variation, km/h Overpass 5.24  3.43
Underpass 3.03  1.04
Center line variation, m Overpass 0.36  0.21
Underpass 0.30  0.21
All data presented as mean  SD.
a Significant difference between pre- and post-training, p < 0.05.
b Significant difference between pre- and post-training (5 sessions), p < 0.05.
c Significant difference between pre- and post-training (10 sessions), p < 0.05.
d Significant difference between post-training (5 and 10 sessions), p < 0.05.4. Discussion
The results of our experiments on total driving time,
average speed, center line violation, stop line violation,
collisions, and steering/braking stability during simulator-
based assessment and training contain several interesting
findings. This study demonstrated that after five sessions ofsions.
Post-training
(5 sessions)
Post-training
(10 sessions)
p
58.64  3.31 59.90  4.95 0.069
49.37  4.32 47.89  4.00 0.135
40.54  2.58b 40.00  3.25c 0.009a
37.77  2.62b 38.84  2.63c 0.009a
32.59  4.08 30.57  5.68 0.607
44.19  2.94 46.79  1.04d 0.042a
14.31  1.17 14.39  1.39 0.607
3.13  1.81 2.66  1.00 0.115
0.28  0.16 0.24  0.15 0.115
0.21  0.07 0.22  0.06 0.607
47.04  4.62 45.28  4.85b 0.042a
44.17  5.91b 43.67  5.59b 0.011a
1.77  1.39 2.32  0.84 0.846
3.42  2.98 3.74  2.42 0.069
0.21  0.09 0.21  0.09 0.135
0.21  0.09 0.21  0.09 0.513
45.92  2.72 45.62  3.06 0.135
46.19  4.49 49.20  2.82 0.607
1.16  1.18b 2.64  2.51 0.016a
4.32  3.16 2.12  0.96 0.513
0.27  0.08 0.18  0.07cd 0.030a
0.22  0.21 0.28  0.10 0.311
Table 5
Driving performance in “Obstacles test” after 10 training sessions.
Variable Pre-training Post-training (5 sessions) Post-training (10 sessions) p
Total driving time, s (mean  SD) 59.00  8.52 50.01  3.74b 51.26  4.82c 0.009a
Average speed, km/h (mean  SD) 33.84  4.42 40.04  2.90b 38.93  3.21c 0.009a
Speed variation, km/h (mean  SD) 13.05  1.84 13.54  2.11 13.05  1.35 0.607
Center line variation, m (mean  SD) 1.71  0.34 1.89  0.19 1.76  0.32 0.223
Collision, n (range) 0 (0e0) 0 (0e0) 0 (0e0) 1.000
a Significant difference between pre- and post-training, p < 0.05.
b Significant difference between pre- and post-training (5 sessions), p < 0.05.
c Significant difference between pre- and post-training (10 sessions), p < 0.05.
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average speed and/or total driving time; (2) the participants
could stop the car more precisely before the stop line in traffic
signal testing; and (3) there was significantly less speed vari-
ation and fewer center line violation during overpass testing.
To our knowledge, this represents the first study to explore
driver competence of SCI subjects as a result of a segmental
simulated scenario, and shows the effectiveness of long-term
simulator driver training using a single-axis tilting platform.
In our study, there was a significant increase in average
speed and a decrease in total driving time in regard to traffic
signal and obstacle testing after five sessions of training; this
seems too abbreviated a time period for any substantial task
execution change to have occurred.10 Presumably, part of the
reason for these results was that the SCI subjects were all
experienced drivers, so they adapted to simulator driving
easily and maintained their efficiency throughout the 10
sessions of training.11 In spite of this fact, the significantly
shortened total driving time was not found in the overpass and
underpass evaluations. The most likely explanation for this
result is that it was the feeling of “uphill” and “downhill”
driving provided by the single-axis tilting platform that chal-
lenged the SCI patients in tolerating a higher variation in
sitting posture and balance, which may somewhat have influ-
enced their performance and decision making in term of task
execution time.5,11,12 At the same time, the adjustment of
balance may have been influenced by the sequence of upward
and downward platform tilting motions. During overpass
testing, the subjects demonstrated significantly less speed
variation and fewer center line violations as they first drove
upwards and then downwards over the impediment; however,
this phenomenon was not found in underpass testing, which
allowed patients to drive in a reverse pattern.
The distance to the stop line was significantly shortened in
traffic signal testing and reached its optimum distance after 10
sessions of training. Our data indicate that SCI patients slowed
down their speed to approach the traffic signal at the initial
session, but they became more confident in speeding to the
traffic sign and stopped more closely to the stop line after 5
sessions of training.
Some methodological limitations of the study must be
considered. First, little is known about how simulator drivingmeasures in our study relate to actual on-the-road driving.
Previous studies have indicated that simulator-based assess-
ment can be a valuable and sensitive measurement because it
may more effectively identify those handicapped people who
are at risk due to limited driving ability, and it may also predict
long-term driving performance. We therefore should include
more subjects with different degrees of SCI, and combine on-
road test evaluations to predict long-term driving performance
in future studies. Second, a multi-axis dynamic platform
reflecting realistic driving conditions should be developed in
the near future. Such a platform may greatly challenge the
posture and balance control of SCI patients.
In conclusion, virtual reality technology can be successfully
incorporated into SCI driver training programs, allowing for
the possibility of collecting objective data on driver profi-
ciency under standardized conditions. Our study shows the
significant effects of a virtual environment on the progress of
driving rehabilitation, and suggests that incorporating VR into
rehabilitation programs will accelerate the maximal recovery
of a SCI patient’s driving competence.
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